INTRODUCTION
Porcine pepsin A (EC 3.4.23.1) belongs to the aspartic proteases and is characterized by having two catalytic aspartic acid residues in the binding site. X-ray crystallography of the aspartic proteases [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] has shown that these proteases are composed of two similar domains and that each domain contributes a catalytic aspartate which is located at the bottom of a cleft formed between the two domains.
Although the three-dimensional structure of pepsin has been successfully elucidated, only a few studies have appeared regarding putative functional residues and regions [11, 12] . This, in part, has been due to difficulties in expressing cloned pepsinogen (pepsin is obtained from the activation of pepsinogen) which has been in the form of inclusion bodies. Similarly, all cloned aspartic proteases using the Escherichia coli system, with the exception of human immunodeficiency virus protease [13, 14] , have been expressed as inclusion bodies [12, [15] [16] [17] [18] [19] . Inclusion body proteins require that they be unfolded and then refolded in order that a ' properly ' folded and functional protein is obtained. Refolding, however, does not ensure that all the protein molecules have the identical and correct structure. By contrast, if the protein can be expressed in the soluble fraction and is identical in specific activity to the native protein, it is assumed that every protein molecule is folded correctly.
Fusion protein systems have been used to obtain soluble proteins [20, 21] . However, a common drawback to these systems is the requirement to remove the fused portion which is usually accomplished through limited proteolysis. Several proteases have been used for this purpose and include : enterokinase, thrombin and blood coagulation factor Xa. These proteases are generally expensive, and therefore, not economical for large-scale purification of the target protein. In the case of pepsin, two possible strategies to recover this protein or pepsinogen from the fusion protein without the use of expensive proteases exist : one is the autocatalytic cleavage of fusion pepsinogen to produce pepsin, and the other is the tryptic digestion of the fused protein to recover pepsinogen. The fusion pepsinogen could cleave the fused protein autocatalytically under acidic conditions since Abbreviations used : Trx-PG, E. coli thioredoxin-porcine pepsinogen fusion protein ; r-pepsinogen, recombinant pepsinogen ; r-pepsin, recombinant pepsin A ; n-pepsin, native commercial porcine pepsin A.
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length. Acidification of either the fusion protein or pepsinogen (tryptic digestion of Trx-PG) yielded recombinant pepsin A (r-pepsin). When compared with commercial porcine pepsin A, rpepsin had similar milk-clotting and proteolytic activities, kinetic parameters and pH dependency. The above results indicate that an expression system was developed which yielded fully active soluble pepsin(ogen) from Escherichia coli.
pepsinogen excises its prosegment, which is placed between the fused protein and pepsin. Alternatively, since pepsin has only one lysine and two arginine residues in its sequence, tryptic digestion would be expected to retain the intact pepsin portion by hydrolysing the fused protein in the linker region or in the prosegment region. The development of an expression system to produce soluble protein would greatly aid in studies whereby the effects of mutation(s) on structure-function of both pepsin and pepsinogen could be examined. In the present study, a thioredoxin fusion protein system [21] for pepsinogen expression was investigated in attempts to improve the solubility of cloned pepsin(ogen).
MATERIALS AND METHODS

Materials
The plasmid, pTrxFus, was obtained from Invitrogen (San Diego, CA, U.S.A.). Restriction enzymes and modification enzymes for DNA manipulation were from Boehringer Mannheim Canada (Laval, Que! bec, Canada) and Life Technologies (Gaithersburg, MD, U.S.A.). DEAE-Sepharose CL-6B and Butyl-Sepharose 4 Fast Flow were purchased from Pharmacia Biotech (Uppsala, Sweden). Trypsin and porcine pepsinogen A were purchased from Sigma Chemical (St. Louis, MO, U.S.A.). All other chemicals were of the purest grade commercially available.
Construction of expression plasmid
Porcine pepsinogen gene was fused with thioredoxin gene as follows. The pepsinogen gene was excised from pGBT-T19-pp [12] with EcoRI restriction enzyme as a 1.4 kb fragment and then blunt-ended. This gene was introduced into the blunt-ended SalI site of pTrxFus. Positive clones were screened using NdeI digestion and confirmed by Western blot analysis. The resultant plasmid was named pTFP1000.
Purification of fused pepsinogen
Plasmid pTFP1000 was used to transform Escherichia coli GI724 according to the method described by Hanahan [22] . The resulting transformants were cultured in 1.5 litres of induction medium (1iM9 salts, 0.2 % Casamino acids, 0.5 % glucose, 1 mM MgCl # and 150 mg\ml ampicillin) at 22 mC. When the absorbance, at 550 nm, reached 0.5, tryptophan (0.1 mg\ml) was added. Eight hours after induction, cells were harvested by centrifugation at 8000 g for 10 min at 4 mC. The cells were disrupted by sonication and centrifuged at 18 000 g for 20 min at 4 mC to yield crude cell extracts. The crude extracts were partially purified by 40 % satd. ammonium sulphate precipitation. After dialysis, against 20 mM Tris\HCl (pH 7.5) buffer, the proteins were applied on to a DEAE-Sepharose CL-6B column (5 cmi25 cm ; flow rate 2.5 ml\min). The column was washed with a 0.2 M NaCl solution and eluted with a 0.4 M NaCl solution. The proteins in the eluant were recovered using 80 % satd. ammonium sulphate. The recovered proteins were then applied on to a Butyl-Sepharose 4 Fast Flow column (2.5 cmi20 cm ; equilibrated with 0.8 M ammonium sulphate\20 mM Tris\HCl (pH 7.5) ; flow rate 0.8 ml\min). The thioredoxin-porcine pepsinogen fusion protein expressed in E. coli (Trx-PG) was eluted with a linear gradient of 0.8 M to 0 M ammonium sulphate. Protein concentration in each step was measured using the Lowry method [23] .
Purification of pepsinogen and pepsin from Trx-PG
Pepsinogen was obtained by digesting the Trx-PG preparation with 1 % (w\w) trypsin at 37 mC for 8 h. The digest was applied on to a Sephadex G-50 column (0.5 cmi15 cm). Proteins eluting in the void volume were collected.
In order to obtain pepsin, either Trx-PG or tryptic digested Trx-PG were acidified with a 10 % volume of 40 mM sodium acetate\HCl (pH 1.3) and neutralized with a 10 % volume of 200 mM sodium acetate (pH 5.3). Pepsin molecules were purified using the same protocol as described for pepsinogen.
The purity of the purified pepsinogen and pepsin samples was analysed by Western blotting and Coomassie Blue staining of an SDS\polyacrylamide gel. Protein concentration in each step was measured by the Lowry method [23] and UV absorption (A" % #)! l 13) [12] .
N-terminal sequences of pepsinogen and pepsin were determined by the Edman degradation method using a gas-phase microsequencer.
Characterization of recovered pepsin
Milk-clotting activity of the recombinant pepsin preparation was determined using a 0.32 % (w\v) powdered skim milk solution. Skim milk powder was dissolved in 20 mM sodium acetate buffer (pH 5.3) and 0.8 mM CaCl # . The pepsin solution was added to 1 ml of the skimmed milk solution in an optical cuvette and the absorbance of the mixture was measured at 505 nm [11, 24] . One unit of the milk-clotting activity was defined as the amount of protein which gave a 0.4 unit change in absorbance over 1 s.
Proteolytic activity was determined as the rate of release of soluble peptides from a 1 % (w\v) denatured haemoglobin solution [25] . One unit was defined as the amount of protein which gave a change of 1 absorbance unit (due to soluble peptides) at 280 nm in 1 min.
Kinetic constants were determined using the synthetic substrate KPAEFF(NO # )AL, [F(NO # ) is p-nitrophenylalanine] as described by Dunn et al. [26] and Fusek et al. [27] . The incubation mixtures covered a range of substrate concentrations (0.01-0.2 mM) in 0.1 M citrate\HCl, pH 2.1. The reaction was initiated by adding the protein to the pre-incubated mixture. The steady-state kinetic parameters K m and k ! were determined by a non-linear least-squares fit of the data using the method described by Sakoda and Hiromi [28] . The pH dependency of the activity of pepsin was analysed using the above synthetic substrate. The reaction was carried out in 90 mM sodium acetate\HCl buffer (pH 1.1-6.0) using 0.1 mM peptide substrate. Hydrolysis was measured as described by Dunn et al. [26] and Fusek et al. [27] .
RESULTS AND DISCUSSION
In attempts to determine the amount of fusion protein as a function of the total protein, SDS\PAGE followed by both Coomassie Blue and silver staining were attempted ; however, due to the poor staining ability of the fusion protein by both stains an accurate determination could not be made. The amount of the expressed fusion protein was estimated to be 5-15 % of the whole protein in pTFP1000\E. coli GI724 as judged from Coomassie Blue staining and Western blot analysis (Figure 1) .
Culturing temperature had a substantial effect on the amount of expressed protein. Protein expression was examined at 16, 22 and 30 mC, at various incubation times, using SDS\PAGE. Although culturing at 30 mC yielded larger total amounts of Trx-PG as compared with 16 and 22 mC, most of the protein was not recovered in the soluble fraction. Culturing at 16 mC yielded small amounts of cells and expressed Trx-PG, even after 24 h of incubation ; the Trx-PG was not detectable on the SDS\PAGE gel. The yield of soluble fusion protein reached a maximum at 22 mC (Figure 1) , as evidenced by stain intensity. * r-Pepsin purified directly from Trx-PG. † r-Pepsin purified from r-pepsinogen.
Figure 2 Electrophoresis of Trx-PG and its derivatives
The purification of the fusion pepsinogen (Trx-PG) was accomplished using two chromatographic separations (Table 1) . Unfortunately Trx-PG was only slightly activated using acidification prior to purification (the activity was not high enough to determine the specific activity, i.e. less than 0.001 unit\mg). The low activation of Trx-PG by acidification, at this step, may have been caused by co-precipitation with high-pI proteins or inhibition by other proteins. Due to this low activation and the poor staining, the specific yield of the Trx-PG at each purification step could not be determined. The purity of the Trx-PG preparation was, however, estimated to be over 95 % from the Coomassie Blue-stained SDS\PAGE gel which showed some additional minor bands, while Western blotting analysis showed a major Trx-PG band (Figure 2) .
Limited proteolysis of Trx-PG by trypsin resulted in two bands on the SDS\PAGE gel (Figure 2) . The migration of the
Figure 3 pH dependency of hydrolysis of synthetic peptide substrate with pepsins
Hydrolysis of the synthetic substrate was measured at the appropriate pH. Data are reported as percentage relative activity, as a percentage of the highest activity over the pH range examined for the enzyme in question. Open circles and closed boxes represent r-pepsin and n-pepsin respectively.
observed fragments was as expected, i.e. bands with molecular masses similar to pepsinogen and thioredoxin were observed. Nterminal analysis of the large fragment (i.e. pepsinogen) from trypsin digest was F-M-L-V-K-V-P-L-V-R, indicating that the cleavage site was one amino acid residue upstream from the intrinsic first methionine residue. After cleavage, recombinant pepsinogen (r-pepsinogen) was separated on a gel-filtration column. SDS\PAGE and Western blotting confirmed the presence of r-pepsinogen (Figure 2 ). The r-pepsinogen preparation had no milk-clotting activity prior to acidification and showed the same activity (27.7 units\mg) as native commercial porcine pepsin A (n-pepsin) after acidification ( Table 2) .
Acidification of the Trx-PG to pH 1.3 precipitated out impurities from the solution. Following acidification, gel filtration of the preparation removed the cleaved pepsinogen prosegment (which was fused to thioredoxin) yielding recombinant pepsin (r-pepsin). r-Pepsin was confirmed by SDS\PAGE and Western blotting (Figure 2 ). The r-pepsin purified directly from the fusion protein had similar milk-clotting activity to pepsin obtained from the r-pepsinogen preparation (Table 2) . Further kinetic analyses were therefore conducted only on r-pepsin purified through the direct acidification of Trx-PG. The N-terminal sequence of r-pepsin was I-G-D-P-E-P-L which was consistent with n-pepsin [12] .
n-Pepsin was purified from its zymogen using the same method as that for r-pepsin, and was used as a reference. The milkclotting, proteolytic activities and kinetic parameters of various pepsins are summarized in Table 2 . Both r-and n-pepsins showed similar milk-clotting and proteolytic activities, resulting in similar milk-clotting to proteolysis activity ratios (1.41 and 1.34 respectively). The kinetic analyses of r-and n-pepsin are shown in Table 2 . Michaelis and rate constants for both pepsins were similar. Figure 3 shows the results of pH dependency of both r-and n-pepsins. Both pepsins maintained 80 % activity in the range from pH 1.1 to 4.0, and almost no activity at pH 6.0.
In conclusion, it was confirmed that : (i) the fusion pepsinogen expression system produced soluble Trx-PG (pepsinogen fused with thioredoxin) ; (ii) r-pepsinogen and r-pepsin were similar to their respective native proteins ; and (iii) r-pepsin could be obtained either through direct acidification of Trx-PG or indirectly through the acidification of r-pepsinogen preparation from Trx-PG following trypsinolysis. The flexibility to produce either pepsinogen or pepsin from the fusion protein provides an excellent means by which mutation(s) of these proteins on structure-function can be examined.
